NADPH oxidase (Nox) isozymes that generate intracellular reactive oxygen species (ROS) and Toll-like receptor 2 (TLR2), an inflammatory mediator, are both involved in the development of atherosclerotic lesions. To identify the molecular connection between TLR2 and Nox isozymes in vascular remodelling, we analysed generation of ROS and proinflammatory cytokines in aortic smooth muscle cells from Nox1-deficient mice in response to the synthetic triacylated lipoprotein Pam3CSK, a TLR2 agonist.
Introduction
The generation of reactive oxygen species (ROS) by NADPH oxidase (Nox) is involved in the development and progression of atherosclerosis. 1 -3 Studies on the source of ROS generation have typically been limited to the prototypical NADPH oxidase of phagocytic cells. This enzyme is composed of a multi-subunit complex consisting of the membrane-bound cytochrome b558 (a heterodimer of a catalytic subunit gp91 phox and p22 phox ) as well as cytosolic components including p47 phox , p40 phox , p67 phox , and Rac protein. 3, 4 To date, six homologues of gp91 phox (also termed Nox2), termed Nox1, Nox3, Nox4, Nox5, Duox1, and Duox2, have been identified as components of non-phagocyte-type NADPH oxidase. 5 In addition, novel homologues of p47 phox and p67 phox , designated as Nox organizer 1 and Nox activator 1, respectively, are crucial adaptor proteins for Nox1. 6 Nox isozymes are key players in Toll-like receptor (TLR)-mediated intracellular signalling cascades. 7 -9 The expression of several TLRs is increased in atherosclerotic lesions and is found in vascular cells † J.H.L. and J.H.J. contributed equally to this work.
including macrophages, endothelial cells, and smooth muscle cells. 10, 11 Interestingly, TLR2 and TLR4 have the highest expression in atherosclerotic lesions, 10, 12 suggesting that they may play dominant roles in controlling blood vessel inflammation. TLR4 protein is increased in circulating monocytes from patients with coronary artery disease when compared with healthy control subjects, possibly as a consequence of on-going inflammation or perhaps a sign of an increased state of alert. 13 We previously reported that stimulation of TLR4 with lipopolysaccharide induces ROS generation and nuclear factor-kB activation and that this process is mediated by the interaction of TLR4 with Nox4. 7 This interaction promotes the secretion of chemokines such as interleukin (IL)-8 and monocyte chemotactic protein 1 (MCP-1) and expression of the adhesion molecule intercellular adhesion molecule 1 (ICAM-1), leading to a pro-inflammatory condition in human aortic endothelial cells (HAECs). 7 Expression of TLR2 is markedly enhanced in both human atherosclerotic plaques and murine models of atherosclerosis. 10 Importantly, TLR2
expression is increased with disease progression and is found to contribute to early atherosclerotic events. 14 Stimulation of vascular cells with TLR2 agonists induces the expression of pro-inflammatory cytokines and chemokines, such as IL-1a, IL-1b, IL-6, IL-8, and MCP-1. Moreover, intimal hyperplasia and atherosclerotic plaque formation can be induced by TLR2 stimulation in vivo.
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Pam3CSK4 is a synthetic tripalmitoylated lipopeptide mimicking the acylated amino terminus of bacterial lipoproteins and is a cellpermeable, water soluble synthetic cationic lipohexapeptide analogue of the immunologically active N-terminal portion of bacterial lipoprotein. 16 Recognition of Pam3CSK4 by TLR2 induces the activation of nuclear factor-kB, which in turn stimulates the production of pro-inflammatory cytokines. Although several recent studies have reported that TLR signalling promotes development of atherosclerotic lesions, the molecular connection between TLR2 and the pathogenesis of atherosclerosis is far from clear. In this study, we demonstrate the molecular connection of TLR2 with Nox1 activation in mouse aortic smooth muscle cells (MASMCs) leading to pro-inflammatory cytokine production.
Methods

Animals
Animal study protocols were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Ewha Womans University and complied with the Guide for Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996). For detailed information on the generation of knock-out mice and the sequence information of the primers used, see Supplementary material online.
Preparation of MASMCs
MASMCs were isolated from the thoracic aorta of wild-type, Nox1-deficient, or Nox4 2/2 mice (8-week-old C57BL/6 mice, five per group; see Supplementary material online, Figure S1 ) 17 or from TLR2 2/2 mice (7-week-old BALB/c mice, two per group). Each mouse was killed by CO 2 inhalation. For details, see Supplementary Methods online. Detailed information on materials, cell culture, generation, and characterization of Nox4 knock-out mice, measurement of intracellular H 2 O 2 production, yeast two-hybrid assay, immunoprecipitation, and immunoblot analysis, real-time PCR, migration assay for smooth muscle cells, gelatin zymography, monocyte migration assay, monocyte adhesion assay, and measurement of ICAM-1 protein expression level are described in the Supplementary Methods online.
Statistical analysis
Data are means + SEM of values from three to five independent experiments. Levels of significance for comparisons between samples were determined by one-way ANOVA using InStat software (GraphPad Software Inc., San Diego, CA, USA).
Results
Interaction of TLR2 with Nox1
To test the interaction of TLR2 with Nox isozymes, a yeast two-hybrid experiment was performed with yeast cells expressing pB42AD-TLR2 [amino acids (AA) 644-787] and pLexA-Nox1-C (AA 291-564), pLexA-Nox2-C (AA 291-571), pLexA-Nox3-C (AA 296-568), pLexA-Nox4-C (AA 354-579), or pLexA-Nox5-C (AA 395-720). Cells expressing pB42AD-TLR2 with pLexA-Nox1 (AA 217-550) or Nox4 (AA 354-578) produced blue colonies in the absence of leucine and in the presence of X-gal, indicating that TLR2 interacts with the COOH-terminal region of Nox1 and Nox4. However, other Nox family proteins (Nox2, Nox3, and Nox5) failed to show evidence of interaction with TLR2 ( Figure 1A) . To confirm the results of the yeast two-hybrid assay, we next performed a co-immunoprecipitation assay. pFLAG-CMV-TLR2 (AA 644-787) was transfected into HEK293T cells in combination with pEGFP-C2-Nox1C (AA 217-550) or with pcDNA3.0-HA-Nox4C (AA 354-578). The cell lysates were subjected to immunoprecipitation with antibody against Flag, and immune complexes were analysed by western blot. TLR2 clearly interacted with the COOH-terminal region of Nox1, but not with Nox4C ( Figure 1B) . A co-immunoprecipitation assay was performed to examine whether the interaction was Pam3CSK4 dependent. Cells were incubated in the absence or presence of Pam3CSK4 (1 mg/mL), a TLR1/TLR2 agonist, for 15 min. Cell lystes were prepared and subjected to immunoprecipitation with antibody to Flag. 18, 19 Immunoblot analysis of the resulting immune complex revealed that TLR2 interacts with the COOH-terminal region of Nox1, but not in a manner dependent on TLR2 agonist stimulation, suggesting that TLR2 interacts constitutively with Nox1 ( Figure 1C ).
Nox1 is responsible for Pam3CSK4-induced ROS generation
Activity of NADPH oxidase is an important source of ROS in vasculature that is associated with the development of atherosclerosis. 20 Moreover, it was reported that most of the ROS generation in vasculature is mediated by activation of Nox1 in MASMCs, and by Nox4 in endothelial cells (ECs). Figure 2C and D), whereas MASMCs from Nox1-deficient mice failed to generate ROS in response to Pam3CSK4 stimulation ( Figure 2A and B) . Moreover, pre-treatment with diphenyleneiodonium (DPI) as an Nox inhibitor and N-acetyl cysteine (NAC) as an ROS scavenger resulted in significantly decreased ROS generation (Supplementary material online, Figure S2 ). MASMCs with Pam3CSK4 failed to generate ROS compared with wild-type MASMCs ( Figure 2E and F ). Moreover, pre-treatment with blocking antibody to TLR2 (TLR2 Ab) resulted in attenuated ROS generation in response to Pam3CSK4 ( Figure 2G and H ). The result suggests that Pam3CSK4 directly stimulates TLR2, resulting in ROS generation.
3.3 Nox1-dependent mouse aortic smooth muscle cell migration and activation of matrix metalloprotease 2
Smooth muscle cell migration is a critical step in the development of atherosclerosis and in vascular wound repair. 22 However, the effect of Nox1 on MASMC migration in response to TLR2 stimulation has not been elucidated. We investigated whether Pam3CSK4/TLR2-mediated Nox1 activation could stimulate the migration of primary MASMCs.
MASMCs from wild-type and Nox1-deficient mice were plated onto the upper chamber of a Transwell, and the lower chamber was supplied with serum-free Dulbecco's modified Eagle's medium with or without 2 mg/mL of Pam3CSK4. In the case of wild-type MASMCs, the migration increased by 1.6-fold in the presence of Pam3CSK4 ( Figure 3A ). In contrast, Pam3CSK4 did not stimulate the migration of MASMCs from Nox1-deficient mice. This indicated that the Pam3CSK4-mediated migration of MASMCs depends on Nox1-dependent production of ROS.
To evaluate the function of ROS in MASMC migration, we tested the effect of antioxidants on the cell migration. Pre-treatment with DPI as a Nox inhibitor and NAC as an ROS scavenger resulted in inhibition of MASMC migration in response to Pam3CSK4 ( Figure 3B ). Moreover, neutralization of TLR2 by pre-treatment with TLR2 Ab resulted in a significant reduction of MASMC migration ( Figure 3B ). These results indicate that the TLR2-Nox1 cascade stimulated ROS generation, leading to induction of MASMC migration.
To confirm the function of Nox1-dependent ROS generation in the MASMC migration, we also performed wound-healing assays ( Figure 3C and D). MASMCs from wild-type and Nox1-deficient mice were grown to the same density. To exclude the effect of ROSdependent proliferation during the wound-healing assay, we pretreated the cells with mitomycin for 2 h before 'wounding' the cell monolayer with a pipette tip. Wild-type aortic SMCs exhibited cell reorientation responses along the wounded edge and migrated into the wounded area in response to Pam3CSK4 (number of migrated cells in 24 h in response to Pam3CSK4 stimulation: 36.0 + 2.2), whereas aortic SMCs from Nox1-deficient mice showed only limited cell reorientation responses along the wounded edge margin and did not efficiently repopulate the wound space (number of migrated cells in 24 h in response to Pam3CSK4 stimulation: 12.4 + 1.2; Figure 3C and D). Pre-treatment with NAC, DPI, or blocking antibody to TLR2 revealed attenuated wound healing in response to Pam3CSK4 ( Figure 3C and D) . These results indicate that the TLR2-Nox1 cascade-dependent production of ROS is essential for murine aortic SMC migration and wound healing in the presence of Pam3CSK4 stimulation.
It has been well established that the small GTPase Rac plays an important role in cell migration. We analysed the localization of Rac protein in focal regions by confocal microscopy as shown in Supplementary material online, Figure S3 . Rac protein moved into focal regions in response to Pam3CSK4 in wild-type SMCs, whereas Nox1-deficient SMCs failed to show a similar response (Supplementary material online, Figure S3 ). This result suggests that Rac protein is involved in SMC migration in response to Pam3CSK4.
Expression of matrix metalloproteinases (MMPs) has been demonstrated to increase in atherosclerotic lesions. 23 -25 Specifically, increased MMP expression and activity were associated with the development of neointimal arterial lesions and MASMC migration in arterial balloon injury models. 26, 27 Moreover, in a mouse carotid artery blood flow cessation model MMP-2 was shown to contribute to intimal hyperplasia mainly through MASMC migration from the media into the intima by degrading and breaching the extracellular matrix proteins surrounding each cell and the internal elastic lamina. 28 We explored whether MMP-2 in
MASMCs from wild-type or Nox1-deficient mice was activated by Pam3CSK4 stimulation. MASMCs were stimulated by Pam3CSK4 for 48 h, and the activity of MMP-2 was measured by western blot analysis with antibody to MMP-2 and by gelatin zymography. MMP-2 activity was stimulated in wild-type MASMCs in response to Pam3CSK4 ( Figure 4A ). However, stimulation of Nox1-deficient MASMCs with Pam3CSK4 resulted in a similar basal expression level of active MMP-2 to that seen in unstimulated control cells, suggesting that formation of active MMP-2 is dependent on Nox1 activity in response to TLR2 activation. Expression of the MMP-9 isozyme was also detected in MASMCs, but it was not activated by Pam3CSK4 (data not shown). We analysed the active form of MMP-2 by gelatin zymography. Wild-type MASMCs generated the active form of MMP-2 in response to Pam3CSK4, whereas Nox1-deficient MASMCs failed to do so ( Figure 4B ).
Nox1-dependent expression of pro-inflammatory cytokines in response to Pam3CSK4
Inflammation is a hallmark of atherosclerosis, and the progression of the lesions is primarily regulated by pro-inflammatory cytokines. We hypothesized that Nox1-dependent ROS generation contributes to pro-inflammatory cytokine production in response to Pam3CSK4. Time-dependent cytokine expression in MASMCs from wild-type or Nox1-deficient mice in response to Pam3CSK4 was analysed by quantitative real-time PCR. Remarkably, Pam3CSK4-induced expression of macrophage inflammatory protein 2 (MIP-2) was significantly reduced in MASMCs from Nox1-deficient mice compared with wild-type MASMCs, whereas the expression of other cytokines was virtually unchanged ( Figure 5A ). We also confirmed the secretion of MIP-2 protein induced by Pam3CSK4 exposure of only wild-type MASMCs, but not Nox1-deficient MASMCs ( Figure 5B) . These results taken together suggest that Pam3CSK4 stimulates Nox1-dependent expression of cytokines and that the cellular redox state selectively regulates specific MASMC functions. 
Effect of Nox1 activity on the Pam3CSK4-induced expression of ICAM-1 and the interaction of endothelial cells with monocytes
Pam3CSK4 stimulates the secretion of pro-inflammatory cytokines, especially MIP-2 protein through Nox1 activity. The interaction of leukocytes with endothelial cells is a critical step for development of inflammatory vascular lesions. Adhesion molecules are up-regulated by pro-inflammatory cytokines and contribute to initiation and progression of the interactions between endothelial cells and leukocytes. Sequential monocyte -endothelial cell interactions, such as rolling, firm adhesion and trans-endothelial migration, are mediated by specific interactions of adhesion molecules in endothelial cells with monocytes.
3,29
The expression of adhesion molecules on the surface of endothelial cells is critical for the association of monocytic cells in the circulation. Therefore, we explored whether purified MIP-2 can induce ICAM-1 expression in HAECs. Upon stimulation with purified MIP-2, ICAM-1 expression was increased in a dose-dependent manner in HAECs (Supplementary material online, Figure S4 ). To evaluate the function of MIP-2 secretion from MASMCs by the TLR2-Nox1 cascade in the interaction of ECs with monocytes, we analysed the effect of Pam3CSK4-stimulated MASMC culture supernatant containing MIP-2 on the expression of ICAM-1 in HAECs. Cells were stimulated with Pam3CSK4-stimulated MASMC culture supernatant for 6 h, and the expression of ICAM-1 was measured by flow cytometry. ICAM-1 expression was significantly increased in HAECs incubated with Pam3CSK4-stimulated wild-type MASMC culture supernatant. Importantly, the incubation of HAECs with Pam3CSK4-stimulated Nox1-deficient MASMC culture supernatant failed to induce expression of ICAM-1, compared to unstimulated culture supernatant ( Figure 6A ). We next examined the adhesion of monocytic U937 cells to endothelial cells. Adhesion of monocytic U937 cells to endothelial cells was increased in an MIP-2 dose-dependent manner (Supplementary material online, Figure S5 ). Monocytes were applied to endothelial cells treated with Pam3CSK4-stimulated MASMC culture supernatant for 6 h and examined for adhesion. Monocyte adhesion to endothelial cells was increased by treatment with the Pam3CSK4-stimulated MASMC culture supernatant containing MIP-2 by 2-fold, but the adhesion was not observed with treatment using Pam3CSK4-stimulated Nox1-deficient MASMC culture supernatant ( Figure 6C) . Interestingly, pretreatment with neutralizing antibodies against MIP-2 or ICAM-1 resulted in a reduction of the adhesion of monocytic U937 cells by treatment with Pam3CSK4-stimulated wild-type MASMC culture supernatant ( Figure 6C and D) . These data collectively suggest that Pam3CSK4-stimulated MASMC culture supernatant containing secreted MIP-2 induced monocytic U937 cell adhesion through ICAM-1 expression on the surface of the HAECs.
Effect of Nox1 activity on the Pam3CSK4-induced trans-endothelial migration of monocytes
To evaluate the function of secreted MIP-2 protein in trans-endothelial migration of monocytes, HAECs were plated in the bottom chamber of Transwells and stimulated with culture supernatant from wild-type or Nox1-deficient MASMCs activated by Pam3CSK4. Monocytic U937 cells were added to the top chamber, and then the top and bottom chambers were assembled. After 4 h of incubation, the number of migrated monocytic U937 cells was determined. HAECs stimulated with culture supernatant from wild-type MASMCs led to a significantly higher level of monocytic U937 migration compared with that of HAECs incubated with Pam3CSK4-stimulated Nox1-deficient MASMC culture supernatant ( Figure 6E) . Next, we examined whether purified MIP-2 was responsible for the monocytic U937 migration. HAECs were stimulated with recombinant MIP-2 protein for 2 h, and the migration of monocytic U937 cells to endothelial cells was measured through Transwell pores. Monocytic U937 migration was induced by MIP-2 in a dose-dependent manner (Supplementary material online, Figure S6 ). When a neutralizing antibody against MIP-2 was added to the bottom chamber along with HAECs incubated with Pam3CSK4-stimulated wild-type MASMC culture supernatant, the migration of monocytic U937 cells was suppressed to control levels, whereas control antibody had no inhibitory effect on U937 cell migration ( Figure 6F) . These results demonstrated that Nox1-dependent MIP-2 secretion is essential for monocytic U937 trans-endothelial migration.
Discussion
Several lines of evidence indicate that TLR-mediated immunity plays crucial roles in inflammatory diseases, including atherosclerosis. 30 Vascular cells (macrophages, smooth muscle cells, and endothelial cells) express several TLRs. Expression of TLR2 and TLR4 was markedly enhanced in both human atherosclerotic plaques and murine models of atherosclerosis. 10 Moreover, TLR2 expression increases with disease progression and has been found to contribute to the early atherosclerotic process. 14 Binding of TLR2 by its agonists promotes a cell signalling network leading to production of pro-inflammatory cytokines. However, the molecular mechanisms underlying the cell signalling network between TLR2 and the redox pathways are largely unknown. Reactive oxygen species act as a signalling molecule in various physiological processes. Several reports have indicated that ROS mediate the pathogenesis of virtually every stage of vascular lesion formation in atherosclerosis. 31 We previously demonstrated that TLR4 stimulates Nox4-mediated ROS generation in HAECs, leading to lipopolysaccharide-induced nuclear factor-kB activation and production of pro-inflammatory cytokines, IL-8, MCP-1, and ICAM-1.
In this study, we showed that Nox1 interacts with TLR2 and co-ordinates the pro-inflammatory cytokine expression required for the development of atherosclerotic lesions. First, we verified the interaction of Nox1 with TLR2 through yeast two-hybrid assay and co-immunoprecipitation experiments ( Figure 1) . Second, we found that Pam3CSK4 markedly stimulated intracellular H 2 O 2 levels in MASMCs from wild-type but not from Nox1-deficient mice, suggesting that Nox1 is required for Pam3CSK4-induced H 2 O 2 production ( Figure 2) . Several reports suggest that Nox-mediated ROS generation plays a critical role in cellular events including growth, differentiation, and inflammation. 1 -3 Nox1 isozyme contributes to the processes of SMC migration and proliferation and extracellular matrix production, leading to neointima formation in response to wire-induced injury. Vascular SMC migration is a critical step in the development of atherosclerosis.
2,21,22
First, we performed proliferation assays in MASMCs in response to Pam3CSK4. The results suggest that treatment with Pam3CSK4 had no effect on MASMC proliferation (Supplementary material online, Figure S8 ). We performed migration assays to examine the effect of Pam3CSK4 on MASMC migration. The results indicate that Pam3CKS4-stimulated migration requires Nox1 activation, which may contribute to the atherogenic effects of Pam3CSK4 ( Figure 3A) . The MASMC migration induced by stimulation with Pam3CSk4 was significantly inhibited by pretreatment with DPI, NAC, or blocking antibody to TLR2 ( Figure 3B) . Next, we asked whether adhesion molecule expression on the cell surface of SMCs was affected by Nox1 deficiency. Pre-treatment with DPI, NAC, or blocking antibody to TLR2 resulted in attenuation of MASMC adhesion to fibronectin (Supplementary material online, Figure S7 ). Migrating cells require the degradation and breaching of elastin layers in the intima. 32 It was reported that MMP-2 contributes to intimal hyperplasia. Our results indicate that MMP-2 activation requires intact Nox1 activity. This implies that Nox1 activity is essential for TLR2-dependent intimal hyperplasia through MMP-2 activation. These results indicate that the Nox1-TLR2 axis plays a critical role in MASMC migration through increasing the adhesion capacity of MASMCs and production of MMP-2, which mediates degradation of elastin ( Figure 6G ). Nox1 requires one integral protein, p22 phox , and three cytosolic proteins, Nox organizer 1, Nox activator 1, and small G-protein Rac. 33 Our data show that the COOH-terminal region of TLR2 binds to the cytosolic region of Nox1 independent of Pam3CSK4 stimulation ( Figure 1) . We analysed the localization of Rac protein in focal regions by confocal microscopy as shown in Supplementary material online, Figure S3 . Rac protein moved into focal regions in response to Pam3CSK4 in wild-type MASMCs, whereas Rac protein in Nox1-deficient MASMCs failed to localize to focal regions. It thus appears that the Rac protein is linked to Nox1 activation. Still, the detailed mechanism underlying the interaction between TLR2 and Nox1 that leads to ROS generation remains to be elucidated. We also analysed the expression of pro-inflammatory cytokines in smooth muscle cells from wild-type or Nox1-deficient mice and demonstrated Nox1-dependent MIP-2 expression in MASMCs in response to Pam3CSK4 ( Figure 5) . The interaction between leukocytes and endothelial cells has been recognized as a critical event for the development of atherosclerotic lesions. Adhesion molecules are up-regulated by pro-inflammatory cytokines and contribute to the initiation and progression of the interactions between endothelial cells and leukocytes. ICAM-1, an important adhesion molecule, is up-regulated in HAECs by purified MIP-2 and Pam3CSK4-stimulated MASMC culture supernatant containing MIP-2. We show here that monocytic U937 adhesion and trans-endothelial migration by Pam3CSK4 is Nox1 dependent. Moreover, Nox1-dependent MMP-2 activation contributes to U937 trans-endothelial migration in response to Pam3CSK4, demonstrating that TLR2-Nox1 signalling mediates induction of MIP-2 ( Figure 6 ). Several lines of evidence suggest that TLR2 activation stimulates the production of MCP-1, IL-6, and tumour necrosis factor-a. 34 Our results
showed that the generation of MIP-2, IL-6, and MCP-1 through TLR2 Figure 6 Continued activation was dependent on Nox1 activity, but the generation of tumour necrosis factor-a was not ( Figure 5A) . Furthermore, we evaluated the interaction of endogenous TLR2 with Nox1 by transfecting GFP-Nox1 into wild-type MASMCs and then analysing co-localization of TLR2 and GFP-Nox1 by confocal microscopy. Endogenous TLR2 proteins were seen in a dispersed pattern in the plasma membrane, nucleus, and cytoplasm, whereas a punctate pattern of localization in the plasma membrane, organelles, and cytoplasm was seen for GFP-Nox1 (Supplementary material online, Figure S9 ). The result indicates that not all TLR2 molecules are in a state of interaction with Nox1 and suggests that Nox1 activity partly contributes to the TLR2-mediated inflammation signalling.
In conclusion, we propose that Nox1-derived reactive oxygen species play a critical role in Pam3CSK4-induced signalling cascades mediating migration and adhesion of monocytes to HAECs and ultimately leading to co-ordinated vascular smooth muscle cell remodelling in atherosclerosis.
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